In single molecule fluorescence studies, background emission from labeled substrates often restricts 16 their concentrations to non-physiological nanomolar values. One approach to address this challenge is 17 the use of zero-mode waveguides (ZMWs), nanoscale holes in a thin metal film that physically and 18 optically confine the observation volume allowing much higher concentrations of fluorescent substrates. 19
The two most widely adopted schemes for reducing fluorescence background from out of focus 42 fluorescent probes are total internal reflection fluorescence (TIRF) microscopy and confocal microscopy. 43
Both techniques create small optically defined volumes of detection. In the case of TIRF, incident light 44 reaches the glass-water interface at an angle greater than the critical angle for total internal reflection 45 and is reflected. This creates a near-field standing wave (the evanescent wave) on the aqueous side that 46 decays exponentially with distance from the boundary. This localized oscillating electromagnetic field 47 excites only the fluorescent molecules very close (<100 nm) to the glass-water interface, significantly 48 reducing background fluorescence. In confocal microscopy, a confocal pinhole in a conjugate image 49 plane is used in conjunction with a focused laser spot to define a femtoliter scale detection volume. 50 51 Despite the advantages offered by these arrangements, background fluorescence from labeled substrates 52 in solution remains a technical challenge, requiring fluorescent substrates to be used at nano-/pico-molar 53 concentrations. However, biological processes often occur at concentrations up to a million-fold greater 54 (micro-/milli-molar). A potential solution is nanofabricated zero-mode waveguides (ZMWs) [5] [6] [7] , 55 arrays of holes (30-300 nm diameter) in a thin, opaque metal layer (typically aluminum, chromium, or 56 gold) on a glass substrate [7] . These sub-wavelength apertures do not propagate optical modes in the 57 visual spectrum, but illumination will create an evanescent wave, like in TIRF, that decays inside the 58 well [8, 9] . 59 60 For fluorescence microscopy, ZMWs are most applicable when their size is sufficiently small that the 61 excitation light decays within the waveguide ( ߣ ߣ Since the interstices between the beads ultimately determine the cross-sectional shape and size of the 127 ZMWs, the wells were made narrower and more cylindrical by briefly heating the polystyrene beads 128 close to their glass transition temperature (approximately 107 °C) [37], allowing them to fuse with one 129 another at their contact points (Fig 1c) . Similar results have previously been obtained using microwave 130 pulses [38,39], but the use of a standard laboratory hot plate simplifies the process. This procedure also 131 partially decouples the size of the holes in the polystyrene mask from the size of the spheres used, which 132 controls the ZMW spacing. Simply substituting smaller beads for the 1 µm ones would create smaller 133 interstitial gaps, but would also reduce the spacing between the wells and prevent them from being 134 completely resolved in optical images. The timing of this heating step needs careful adjustment. For a 135 range of treatment times from zero to 30 seconds (at which duration the beads fuse together completely), 136 there is a reproducible relationship between melting time and size. The resulting pores can be tailored 137 to produce diameters in the range of 350-100 nm (Fig 2h) , which is essential for constructing 138 waveguides with cutoff wavelengths in the visible range appropriate for experiments with the most 139 commonly used probes for single molecule fluorescence. In addition, a round cross-section is also The subsequent text will primarily focus on the fabrication of aluminum ZMWs, which starts with the 147 deposition of copper posts (Fig 1) . Where relevant, we also note the differences in the procedure used 148 to fabricate gold ZMWs, which starts with the deposition of aluminum posts (S2 Fig.) . 149
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150
After the hexagonal lattice of beads was formed and annealed, the resulting polystyrene masks were 151 used during line-of-sight thermal or e-beam evaporative plating of 300 nm of copper or aluminum that 152 reached the glass surface only through the interstices between the beads (Fig 1d, S2d) . The mirrored top 153 surfaces of the beads also enhanced the structural coloration, giving a vibrant rainbow appearance ( Removing the polystyrene mask, and the metal deposited onto it was accomplished by soaking in 165 toluene, exfoliating the layer of metal on top of the softened beads with Scotch tape, and soaking again 166 in toluene to dissolve any polystyrene remnants. This procedure left a hexagonal array of copper posts 167 (Fig 1e, Fig 3b, c and Materials and Methods) or aluminum posts ( Fig S2e, Fig S3b,c) with heights of 168 250-300 nm measured by atomic force microscopy (AFM), (Fig 3c, S3b) . The maximum Feret 169 diameters of the resulting posts have distributions centered at 130-140 nm (Fig 3d and S3d) . 170 A cladding, 110 nm of aluminum or gold, was deposited around the posts (Fig 1f, S2f) , which were 172 selectively dissolved in the appropriate etchant (copper or aluminum) to leave arrays of pores to act as 173 ZMWs (Fig 1g, 3e, S2g, S3e) . The most efficient post dissolution occurred when the samples were 174 removed from etchant after an hour, buffed with lens paper to disrupt any remaining posts, and placed 175 back in the etchant for an additional hour (see Materials and Methods). AFM confirmed that most of 176 the posts were dissolved and demonstrated that the wells were approximately 110 nm deep (Fig 3g) , as 177 expected. The distribution of Feret diameters of the wells was centered at ~130-140 nm (Fig 3h, S3h) , 
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To assess the optical attenuation of the ZMWs, we measured the transmission of the guides at 50 nm 209 wavelength intervals from 500-700 nm (see Materials and Methods for details). As expected, 210 transmission decreased as wavelength increased (Fig 4c) . For the wavelength range measured, 211 transmission through the wells was always <13% of the transmission through bare glass. This data was 212 fitted using a simple model [44] for the transmission of a cylindrical waveguide ( 532 nm laser, however, we were able to detect individual immobilized fluorophores even at bulk 238 concentrations of non-biotinylated Cy3-dsDNA as high as 1 µM (Fig 5a-d) . The signal-to-noise ratios (SNRs) of those traces were calculated as the change in Cy3 fluorescence 251 intensity due to photobleaching divided by the standard deviation of the Cy3 intensity before bleaching. 252
The SNR did not vary significantly across all concentrations tested, with similar distributions (Fig 5b) . 253
The signal-to-background noise ratios (SBNRs) of those traces was calculated as the change in Cy3 254 fluorescence intensity due to photobleaching divided by the standard deviation of the intensity after the 255 bleach, which is pure background fluorescence. The SBNR diminished slightly with increased 256 concentration of labeled molecules in the solution (Fig 5c) . However, it remained possible to record 257 clear single molecule bleaches even at 1 µM (Fig 5d) , which would not be possible in a confocal or 258 TIRF microscope without the use of the ZMWs. tRNA Val (Cy3) in the A-site, where they exhibited FRET from Cy3 to Cy5 (Fig 6a) . The pre-269 translocation complexes were stalled in the absence of the translocase EF-G·GTP, a condition that is 270 known to allow transitions between "classical" and "hybrid" tRNA positions having high and moderate 271 Bead annealing 322 A flat, milled aluminum plate (13.9 x 13.9 x 0.9 cm), used to provide a uniform temperature surface was 323 placed on top of a hot plate heated to 107 °C (the glass transition temperature of polystyrene), as 324 verified by a thermocouple junction placed on the aluminum plate. When the temperature was stabilized, coverslips with 2D crystal lattices of beads were placed (one-at-a-time) on the surface for 5-25 s and 326 then moved to another aluminum plate at room temperature for rapid cooling. 327 328 ZMW fabrication 329 The polystyrene mask fabricated as described above underwent thermal or e-beam evaporative 330 deposition (Kurt J. Lesker, PVD75) of either 300 nm Cu (for Al ZMWs) or of 3 nm Ti to serve as an 331 adhesion layer, followed by evaporative deposition of 300 nm of Al (for Au ZMWs). The polystyrene 332 beads were dissolved by soaking in toluene for 2 hours, followed by use of Scotch tape to lift off the 333 metal that had been on top of the beads (rather than on the glass surface). The samples were placed in 334 toluene for another 2 hours, followed by one chloroform and two ethanol rinses. bandwidth were used with the microscope's illumination tower. The Melles-Griot filters used were 500 351 nm (03FIV006), 550 nm (03FIV008), 600nm (03FIV018), 650 nm (03FIV002), and 700 nm 352 (03FIV024). The normalized transmission was calculated from intensity data as: 353
, is the average intensity of a 2 pixel x 2 pixel square selected to contain the guide emission. 354
is the average intensity of the dark area between guides (see Fig 4) . This accounts for the non-355 zero A/D converter output from the camera even in the dark. ‫ܫ‬ ௗ ௧
is the average intensity measured 356 from a rectangle placed in the closest defect, a region without any waveguide attenuation. 357
358
Aluminum ZMW functionalization 359 The following protocol describes the use of orthogonal PVPA chemistry to passivate the Al cladding, 360 and silane chemistry to functionalize the glass bottoms of the wells, as adapted from published protocols 361
[29]. The fabricated ZMWs were first cleaned with a 5 min sonication in acetone, followed by 3 washes 362 with DI water 5 min isopropanol sonication, followed by 3 more washes with DI water. The Al ZMWs 363 were dried with nitrogen and oxygen plasma cleaned for 5 min. A 4.5% (mass/mass) aqueous solution 364 of PVPA was heated to 90 °C. The Al ZMWs were incubated in this preheated solution for 10 min. The 365
ZMWs were then washed with DI water and dried with nitrogen. The ZMWs were finally annealed on a 366 hot plate at 80 °C for 10 min. The Al ZMWs were then treated with 100:5:1 methanol : glacial acetic 367 acid : 3-aminopropyl-triethoxysilane overnight, followed by three diH 2 O rinses, 1 min sonication in 368 EtOH, and were allowed the air dry. The ZMWs then were treated for 3 hrs with 250 mg/mL 369 polyethylene glycol (PEG) in 100 mM NaHCO 3 . 95% of the PEG used was mPEG-succinimidyl 370 valerate (MW 2,000, Laysan), while 5% was biotin-PEG-succinimidyl carbonate (MW 2,000, Laysan). 371
The unbound PEG was rinsed with diH 2 O, followed by drying with N 2 . Functionalized ZMWs were 372 vacuum sealed and stored in the dark at -20 °C until use. 373
